Introduction
============

Migration has been defined as 'a relocation of the animal that is on a much greater scale, and involves movement of much longer duration, than those arising in its normal daily activities' ([@b14]). It has evolved independently as an adaptive strategy across a wide range of taxa and thus what we learn from studying migration in one taxon can improve our understanding in a vast number of other species ([@b13]).

Many insects migrate in the summer from low latitude, over-wintering areas, to northern environments ([@b13]). New techniques such as vertical looking entomological radars, now show that seasonally migrating moths use wind-borne migration to rapidly cover distances of up to 700 km in an 8-h period and both northern migration in the spring and southern migration in the autumn have been recorded ([@b8]). In addition, genetic markers can be used to track populations from different source areas ([@b42]; [@b41]; [@b38]; [@b55]) and these contribute to an understanding of the patterns of long-distance migrations.

In western North America, cabbage looper moths, *Trichoplusia ni* (Hübner) (Lepidoptera: Noctuidae) are an example of a species that is a major agricultural pest along its migratory route. Cabbage loopers are native to subtropical areas of North America, and are unable to survive over-winter when temperatures are 10^o^C or below ([@b56]; [@b36]; [@b5]). Thus, although resident populations are limited to areas south of 35^o^ to 40^o^ latitude in southern California and Mexico, moths migrate annually to establish summer breeding populations as far north as Canada.

*Trichoplusia ni* is a polyphagous insect that feeds on many plants of economic importance, including crucifer crops. With the development of agriculture in northwestern North America in the last several hundred years, large areas of suitable food plants have become widely available during the summer for northern migrants west of the Cascade Mountains. This is an example of an insect species that has been influenced by anthropogenic plant range expansions and potentially increased gene flow among populations following agricultural development. The new opportunity for populations to mix fits the prediction of genetic homogeneity over large distances ([@b40]).

Although the nature of the migration is not known, observations from pheromone trapping programs along the cabbage looper migration pathway; Central Valley of California ([@b4]), Linn County Oregon ([@b35]) and Langley British Columbia ([@b6]), all show the first appearance of male moths in early to mid-May. This pattern suggests that a single, large migration event from over-wintering populations in southern California, Arizona and Mexico could be initiating the northern, seasonal populations at approximately the same time. If so, reasonably high genetic similarity among populations is predicted.

In Oregon and British Columbia, cabbage loopers appear to have two generations a year; one initiated by adult moths flying in late April to mid-May and another resulting from moths flying in late July and August. Few moths were captured after mid-August in Oregon ([@b35]) or after September in British Columbia while in some locations in Merced, California, moths were captured in October and even November, although for most locations the last peak of moth flight was in August ([@b4]). Thus the population pattern is for immigrating moths to establish populations in large areas of newly available crops and increase in numbers over the summer. Conditions for further reproduction decline as crops are harvested and temperatures cool in the autumn.

While northern migration is easy to recognize by the occurrence of populations in areas that are too cold to support over-wintering populations, the existence of return southern migration is not easy to identify. Observations of return southern movements of cabbage loopers in the late summer and fall have been suggested from trapping data ([@b28], [@b29]; [@b12]) but not proven. If southward movement of moths does not occur, northern movement is difficult to interpret as an evolutionary process. If it does occur, gene flow will be enhanced over the species range. Because northern populations are temporary, the opportunities for directional selection are limited to one or two generations and thus genetic differentiation of southern migrants is unlikely to be strong.

To test the prediction of genetic homogeneity among temporary northern and permanent southern cabbage looper populations, we used mtDNA sequence variation in conjunction with nuclear loci, generated from the amplified fragment length polymorphism (AFLP) method to examine *T. ni* populations from California to British Columbia. We hypothesized that the annual migration of moths from California would result in genetic similarity of populations along the 1700 km migration route although random founder effects could create modest heterogeneity among different populations.

Materials and methods
=====================

Specimen collections
--------------------

*Trichoplusia ni* larvae were collected from 13 sites along the west coast of North America, including: Arizona (AZ), California (CA), Oregon (OR), Washington (WA), and British Columbia (BC) ([Fig. 1](#fig01){ref-type="fig"}, [Table 1](#tbl1){ref-type="table"}). Sites were selected through consultation with Agriculture Extension advisors that helped to identify regions where suitable crops were grown and the optimal times for collection of *T. ni*. Larvae were collected between May and September 2006, with the exception of those collected from AZ. Cooperators from the University of Arizona made the collections from AZ during November 2006. *Trichoplusia ni* were collected as larvae by sampling over a wide area and those used for the AFLP analysis were reared on artificial diet for a minimum of 1 day to ensure that no plant material was present in the gut. Larvae from AZ were reared in the laboratory for one generation at the University of Arizona, Yuma Agricultural Center prior to their arrival at the University of British Columbia (UBC) (Vancouver, BC, Canada). The gut and its contents were removed from larvae according to procedures outlined in [@b21] to prevent DNA degradation by enzymes found in the gut and larvae were frozen at their 4th or 5th instar of development. During collections, larvae were transported in a cryogenic vapour shipping tank (MVE Vapor Shipper, Minnesota Valley Engineering Inc., New Prague, MN, USA) held constant at −150°C until arrival at UBC where the samples are stored long-term at −80°C.

![Geographic distribution of sites where *Trichoplusia ni* were collected along their migration route. Sampling localities were located in British Columbia (BC), Washington (WA), Oregon (OR), California (CA), and Arizona (AZ). Locality codes are defined in [Table 1](#tbl1){ref-type="table"}.](eva0004-0089-f1){#fig01}

###### 

Summary of collection dates, latitude and longitude coordinates, and the crops that *T. ni* larvae were collected from

  Sample locality code   City, state/province     Collection date                                Latitude (N)   Longitude (W)   Crop
  ---------------------- ------------------------ ---------------------------------------------- -------------- --------------- ---------------------------------------
  **AY**                 **Yuma, AZ**             10 Nov 2006[\*](#tf1-1){ref-type="table-fn"}   32˚42.750′     114˚42.300′     Cabbage
  **CX1**                **Oxnard field 1, CA**   29--30 Jun 2006                                34˚12.561′     119˚03.403′     Mixed[†](#tf1-2){ref-type="table-fn"}
  **CX2**                **Oxnard field 2, CA**   29--30 Jun 2006                                34˚19.803′     119˚08.339′     Cabbage
  **CS**                 **Santa Maria, CA**      27--28 Jun 2006                                34˚53.550′     120˚30.853′     Broccoli
  CY                     Yuba, CA                 22 Jun 2006                                    39˚08.617′     121˚53.098′     Tomato
  OR                     Roseburg, OR             24 Jul 2006                                    43˚15.494′     123˚26.415′     Broccoli
  OC                     Corvallis, OR            27 Jul 2006                                    44˚34.384′     123˚14.209′     Broccoli
  OA                     Albany, OR               27 Jul 2006                                    44˚43.865′     123˚07.455′     Broccoli
  WS                     Seattle, WA              29 Aug 2006                                    47˚36.923′     121˚55.206′     Mixed[†](#tf1-2){ref-type="table-fn"}
  WM                     Mount Vernon, WA         30 Aug 2006                                    48˚24.270′     122˚26.306′     Broccoli
  WB                     Bellingham, WA           30 Aug 2006                                    48˚43.495′     122˚28.622′     Mixed[†](#tf1-2){ref-type="table-fn"}
  BD                     Delta, BC                9 Aug 2006                                     49˚06.723′     123˚02.266′     Broccoli
  BA                     Abbotsford, BC           14 Sep 2006                                    49˚05.046′     122˚05.805′     Rutabaga

Populations in bold are resident populations. MtDNA analysis was done for all populations and AFLP analysis for all populations except AZ, WB, WM.

*T. ni* larvae were reared for one generation in the laboratory before shipping to UBC.

Mixed crucifer crops.

DNA isolation
-------------

DNA was isolated from a total of 161 larvae collected from these localities following procedures outlined in [@b50] for analysis of two regions of the mitochondrial genome and nuclear AFLP markers ([@b21]). DNA was extracted using phenol/chloroform extraction procedures outlined in [@b50] in protocol 1: isolation of DNA for mammalian cells. The concentration and quality of DNA was verified with a spectrophotometer (Ultrospec 3000, Pharmacia Biotech, Piscataway, NJ, USA) and by viewing DNA on a 0.8% agarose gel electrophoresis in 1× Tris-borate-EDTA.

Mitochondrial sequencing and analysis
-------------------------------------

To identify mitochondrial regions with a suitable level of variation for our current study, preliminary analyses were performed to examine the level of variation in seven mitochondrial gene regions ([Table 2](#tbl2){ref-type="table"}). Based on preliminary analyses, we chose to focus on a 487 bp region and a 402 bp region of NADH dehydrogenase subunits 1 and 4 (NAD1, NAD4), respectively. Three individuals were sequenced from each collection locality, with the exception of six individuals from the site in Arizona, for a total of 42 individuals ([Table 1](#tbl1){ref-type="table"}). Polymerase chain reactions (PCR) for all mitochondrial gene regions were performed with 50 or 100 ng of total genomic DNA, 0.2 m[m]{.smallcaps} dNTP (New England Biolabs, Ipswich, MA, USA), (1×) PCR buffer (Agilent Technologies Canada Inc., Toronto, ON, Canada), 1 or 2 units of Paq5000 (Agilent Technologies Canada Inc.), 20 pmol each primer (Eurofins MWG Operon, Huntsville, AL, USA). The PCR conditions used for amplification were as follows: 95°C for 5 min, cycled 35 times at 94°C for 1 min, 55°C for 1 min, 72°C for 1 min, 72°C for 10 min. PCR products were purified using Wizard® PCR Preps DNA Purification System (Promega, Madison, WI, USA) and sequenced with Sequitherm Excel II DNA Sequencing Kit (Interscience, Marham, ON, Canada) on a PTC 100 Thermal Cycler (MJ Research Inc. Waltham, MA, USA) or MultiGene Gradient Thermal Cycler (LabNet, Edison, NJ, USA) with the following conditions: 95°C for 3 min, cycled 24 times at 95°C for 30 s, 58°C for 15 s, 70°C for 30 s. Products were loaded on a 5.5% polyacrylamide gel (SequaGel XR, National Diagnostics, Distributor Diamed Lab Supplies Ltd, Mississauga, ON, Canada) and electrophoresis was performed for 10 h on a LI-COR 4200 automated sequencer (LI-COR Inc., Lincoln, NE, USA).

###### 

MtDNA region, primer name and sequence, size of region (bp), the number of individuals sequenced (*n*), their sampling localities, and corresponding GenBank accession numbers

  Region        Primer name                                Primer (5′-3′)               Size (bp)   *n*   No. variable sites   Sampling localities   GenBank Accession No.
  ------------- ------------------------------------------ ---------------------------- ----------- ----- -------------------- --------------------- -----------------------
  CYTB          REVCB2H[\*](#tf2-1){ref-type="table-fn"}   TGAGGACAAATATCATTTTGAGGW     500         6     1                    OR, OA, WS, WB, CS    GQ183958--GQ183963
                REVCBJ[\*](#tf2-1){ref-type="table-fn"}    ACTGGTCGAGCTCCAATTCATGT                                                                   
  COI           COI&IIF[†](#tf2-2){ref-type="table-fn"}    GGATTCATTGTTTGAGCTC          549         2     0                    OA, WS                GQ183955--GQ183956
                COIR                                       CATTATATGAATGTTCAGCWGG                                                                    
  TRNL2, COII   COIF                                       CCWGCTGAACATTCATATAATG       546         3     0                    CS, OA, WS            GQ184054--GQ184056
                COI&IIR[†](#tf2-2){ref-type="table-fn"}    CGCAAATTTCTGAACATTGTCC                                                                    
  NAD5          NAD5F[‡](#tf2-3){ref-type="table-fn"}      CTGGAATTGCCGCTAATTATG        440         5     1                    CS, OR, OA, WS, BD    GQ184048--GQ184051
                NAD5R[‡](#tf2-3){ref-type="table-fn"}      ATCTCCCTCTAATTACTC                                                                        GQ184053
  NAD1          NAD1F                                      AGGGAGTTCGATTAGTTTCAGC       487         42    7                    All                   GQ183964--GQ184005
                N1N12595[§](#tf2-4){ref-type="table-fn"}   GTAGCATTTTTAACTTTATTAGAACG                                                                
  NAD4          NAD4F                                      TTAAATATTCTCGAGAAACTCC       402         42    6                    All                   GQ184006--GQ184047
                N4N8727[§](#tf2-4){ref-type="table-fn"}    AAATCTTTRATTGCTTATTCWTC                                                                   

For each gene region sequenced, forward primers are listed first and reverse primers are listed second.

Primers from [@b53].

Primers designed from previously sequenced *T. ni* from Japan (GenBank Accession No. AB158623).

Primers designed from previously sequenced *T. ni* from Japan (GenBank Accession No. AB158627).

Primers from [@b49].

All mitochondrial sequences were submitted to GenBank (see [Table 2](#tbl2){ref-type="table"}). Mitochondrial sequences were scored using BaseImagIR Image Analysis Version 04.1 (LI-COR Inc.) and aligned using BioEdit Sequence Alignment Editor ([@b24]). Individuals with haplotypes that showed unique variation were sequenced a second time to confirm the sequence variation.

Haplotype diversity (*h*) ([@b39]) and nucleotide diversity (π) ([@b39]) were calculated for gene regions NAD1 and NAD4 and for the concatenated sequence of these two regions using DnaSP ([@b47]). TCS version 1.21 was used to construct a haplotype network based on combined analysis of gene regions NAD1 and NAD4 ([@b10]). Analysis of molecular variance (AMOVA) was performed to test for genetic structuring among populations from AZ to BC using the *ϕ*~ST~ statistic ([@b18]). Significance was assessed under the null hypothesis of no genetic structure using 999 random permutations of the data (GenAlEx6; [@b43]).

AFLP genotyping and analysis
----------------------------

Amplified fragment length polymorphism analysis was performed on 15 individuals from each of nine localities and 14 individuals from a locality near Seattle Washington due to the low number of larvae found at this field locality ([Table 1](#tbl1){ref-type="table"}). Other field localities were not included in AFLP analysis because larval densities were too low at these locations. Procedures followed those outlined in [@b21], with preamplification primers of EcoR1 + C and MSE + A. Four primer combinations listed in [Table 3](#tbl3){ref-type="table"} were used for the final amplification.

###### 

AFLP primer combinations and the number of scored fragments for *T. ni* populations surveyed from the west coast of North America in 2006

  Primer combination   EcoR1       Mse1         No. of scored fragments
  -------------------- ----------- ------------ -------------------------
  1                    Eco + CGG   Mse + ATGG   64
  2                    Eco + CGG   Mse + AGCT   37
  3                    Eco + CCG   Mse + ACCG   55
  4                    Eco + CGA   Mse + ACCG   65

To ensure the repeatability of our results, we took several precautions as outlined in [@b1]. Tissue from late instar larvae (4th and 5th instar) was used because changes in DNA methylation with tissue type and age can lead to differences in AFLP banding patterns ([@b15]). Larvae were flash frozen and stored at −80°C to ensure that DNA molecules remained intact. The quality of isolated DNA was determined by viewing it on a 0.8% agarose gel electrophoresis and spectrophotometer (Ultrospec 3000) and low quality samples were excluded from AFLP analysis.

A pilot study outlined in [@b21] was undertaken to select primer combinations with a suitable level of variation and to ensure the repeatability of the results. In the pilot study, negative controls were run on all gels to check for contamination and replicate amplification was performed on 11 individuals from independent extractions for six of the screened primer combinations. Replicate amplifications were run side-by-side with the original amplification and visualized on a LI-COR automated sequencer (LI-COR Inc.). The repeatability of our pilot study was high (\>99%) and there was no contamination of samples.

In the present study, we discarded low quality samples from scoring, ran negative controls, and performed a repeatability test on nine previously typed individuals. We used 50--700 bp IRDye 700 and 800 commercial ladder (LI-COR Inc.) to size our markers for all gels visualized on the LI-COR automated sequencer (LI-COR Inc.). Scoring procedures followed those recommended in [@b1], with automated scoring using SAGA 2.0 (LI-COR Inc.) in conjunction with the data checked by hand. The genotype error rate estimated by running previously typed samples side-by-side with newly amplified samples from previously extracted DNA was 2.4%.

The percentage of polymorphic loci (%P) and expected heterozygosity (He) were calculated using AFLP-SURV 1.0 ([@b58]). Expected heterozygosity was estimated for all loci using a Bayesian approach with nonuniform prior distribution of allele frequencies and assuming Hardy-Weinberg genotypic proportions ([@b59]). This approach is favoured for dominant markers because it provides reasonable estimates of the null allele frequency at each locus ([@b2]). Pairwise *F*~ST~ values were calculated for all population comparisons using loci that were polymorphic at the 5% level in AFLP-SURV 1.0. Significance was tested by comparing the observed *F*~ST~ value to a distribution of *F*~ST~ values based on 1000 random permutations of individuals among existing populations ([@b58]). The significance level was adjusted using the Bonferroni correction to account for multiple comparisons.

A Mantel test of matrix correspondence ([@b34]) in GenAlEx version 6.1 ([@b43]) was used to test for isolation-by-distance following methods of [@b54], by examining the correlation between matrices of Nei\'s genetic distance calculated according to methods outlined in [@b33] (AFLP-SURV 1.0) and geographic distance. Geographic distances were calculated from latitude and longitude coordinates based on a modified version of the Haversine Formula implemented in GenAlEx version 6.1. To test for significance 999 random permutations of the data were performed.

The model-based clustering method implemented in STRUCTURE 2.2 ([@b45]; [@b19]) was used to determine patterns of genetic structure. Simulations were run under the admixture ancestry model with correlated allele frequencies. To estimate the number of clusters (*K*), the following settings were used: burn-in 100 000 steps, run length of 200 000 steps, and 10 replicate simulations of each *K*-value (*K =* 1--10). The ad hoc statistic Δ*K* developed by [@b17] was used to identify the most probable number of clusters.

To incorporate spatial information, we used a Bayesian clustering method with a spatially explicit prior implemented in TESS 2.1 ([@b9]). AFLP loci were coded according to the method described in [@b17] for dominant markers. To detect the maximum number of clusters (*K*~max~) we performed an analysis under the admixture model for *K* from 1 to 10, using 50 replicate simulations for each *K*, with a burn-in of 10 000 sweeps, run-length of 50 000 sweeps, and an admixture parameter *α* = 1. Two values of the spatial interaction parameter were examined (*ψ* = 0.7 and 0.9), with higher values giving greater importance to spatial interactions. The deviance information criterion (DIC) was computed for each run and the mean DIC for the 10 runs with the lowest DIC was computed for each value of *K*, as an indicator of how well the model fit the data. *K*~max~ was identified from the inflexion point in a plot of the mean DIC against *K*-values from 1 to 7. Preliminary runs with *K* \> 7 provided a poor fit to the data and were not included in the final analysis. Results are reported based on the spatial prior *ψ* = 0.7, since results were similar for both values tested. CLUMPP version 1.1.1 ([@b25]) was used to correct for label switching and to identify the mean cluster membership for individuals based on the 10 replicate simulations in STRUCTURE and TESS for the number of clusters identified by the Δ*K* statistic and DIC values, respectively. DISTRUCT ([@b46]) was used to display the results.

Results
=======

Specimen collections
--------------------

Overall, there was a trend for *T. ni* to be collected later in the summer with increasing latitude, which is indicative of when larvae could be found at these collection sites ([Table 1](#tbl1){ref-type="table"}). Larval collections from AZ to BC were performed from May to November 2006. At the southernmost site (AY) larvae were not collected until November because *T. ni* are at very low densities during the summer in AZ due to the hot, dry conditions.

Mitochondrial sequencing
------------------------

Preliminary examination showed little to no variation in mitochondrial gene regions COI, COII, CYTB, and NAD5 and therefore they were not used to assess the population structure of *T. ni* ([Table 2](#tbl2){ref-type="table"}). Instead, we sequenced a total of 889 bp of mtDNA from 42 field collected *T. ni*, of which 487 bp were from the NAD1 gene and 402 bp were from the NAD4 gene. We identified seven variable nucleotide sites in the NAD1 gene and six variable sites in the NAD4 gene, all of which resulted in synonymous changes. Nucleotide diversity (π) was highest in populations from CY and WS ([Table 4](#tbl4){ref-type="table"}). Nucleotide composition was highly A/T skewed, with mean base pair frequencies for NAD1 and NAD4 of A: 0.46, C: 0.12, G: 0.09, T: 0.33 and A: 0.43, C: 0.15, G: 0.08, T: 0.33, respectively.

###### 

Summary of descriptive statistics for mitochondrial and nuclear markers for *T. ni* collected from 13 sampling localities on the west coast of North America

        Mitochondrial DNA   Nuclear DNA                                                                                         
  ----- ------------------- ------------- -------- ------ ------------ -------- ------ ------------ -------- ------ ---- ------ -------
  AY    6                   M             0.0000   0.00   U(2), V(4)   0.0027   0.53   A(2), C(4)   0.0012   0.53   --   --     --
  CX1   3                   M(2), N       0.0014   0.67   U, V(2)      0.0033   0.67   A, B, C      0.0023   1.00   15   86.0   0.298
  CX2   3                   M(2), N       0.0014   0.67   U, V, Z      0.0033   1.00   A, C, L      0.0023   1.00   15   77.8   0.280
  CS    3                   M             0.0000   0.00   U, V(2)      0.0033   0.67   A, C(2)      0.0015   0.67   15   81.9   0.278
  CY    3                   M, S, T       0.0027   1.00   V, X, Y      0.0050   1.00   I, J, K      0.0038   1.00   15   82.4   0.286
  OR    3                   M, S(2)       0.0014   0.67   U, V(2)      0.0033   0.67   A, H(2)      0.0023   0.67   15   76.9   0.265
  OC    3                   M(2), R       0.0014   0.67   U, V(2)      0.0033   0.67   A, C, G      0.0023   1.00   15   83.3   0.302
  OA    3                   M             0.0000   0.00   V            0.0000   0.00   C            0.0000   0.00   15   83.7   0.301
  WS    3                   M, P, Q       0.0027   1.00   V, W(2)      0.0050   0.67   C, E, F      0.0038   1.00   14   67.9   0.250
  WM    3                   M             0.0000   0.00   U            0.0000   0.00   A            0.0000   0.00   --   --     --
  WB    3                   M             0.0000   0.00   V            0.0000   0.00   C            0.0000   0.00   --   --     --
  BD    3                   M(2), N       0.0014   0.67   U, V(2)      0.0033   0.67   A, B, C      0.0023   1.00   15   84.2   0.300
  BA    3                   M, N, O       0.0027   1.00   U, V(2)      0.0033   0.67   A, B, D      0.0030   1.00   15   79.6   0.275

The number of individuals (*n*), haplotypes, nucleotide diversity (π), and haplotype diversity (*h*) are reported for mitochondrial DNA from a 487 bp region of NAD1 and 402 bp region of NAD4 and 889 bp for combined analysis of these two regions. The % polymorphic loci at the 5% level (%P) and expected heterozygosity under Hardy--Weinberg proportions (He) are reported for AFLP data.

Numbers in brackets denote the number of individuals represented by a particular haplotype when ambiguous.

Nucleotide diversity ([@b39]).

Haplotype diversity ([@b39]).

A total of eight haplotypes were found for the NAD1 region and six for the NAD4 region. Overall 12 haplotypes were identified from the combined analysis of NAD1 and NAD4 regions, of which eight were private haplotypes (E-L) ([Table 4](#tbl4){ref-type="table"}). All populations, with the exception of OA, WM, and WB, had more than one haplotype present. The most common haplotypes (A and C) were both present in 6 of the 13 populations surveyed from BC to AZ.

A haplotype network was constructed based on the 12 haplotypes from the combined analysis of NAD1 and NAD4 genes ([Fig. 2](#fig02){ref-type="fig"}). The haplotype network was comprised of two common haplotypes (A and C) that were found in 29 of the individuals surveyed. No distinct geographical separation of haplotypes appeared in the network. AMOVA results indicated marginal support for genetic subdivision of the populations, with 13% of the variation attributable to population subdivision (*ϕ*~ST~ = 0.13, *P* = 0.053).

![Haplotype network of 12 mtDNA haplotypes based on gene regions NAD1 and NAD4. Forty-two specimens were collected from locations in Arizona (AZ), California (CA), Oregon (OR), Washington (WA), and British Columbia (BC). The size of each circle is proportional to the number of individuals. Letters within the circles correspond to the haplotype shared by those individuals. Lines connecting circles represent a single nucleotide change between haplotypes and black dots between circles represent a single unobserved nucleotide change inferred from parsimony analysis. Asterisks (\*) denote haplotypes that are unique to the sample from the Seattle Washington population.](eva0004-0089-f2){#fig02}

AFLP genotyping
---------------

A total of 221 AFLP fragments ranging in size from 73 to 531 bp were scored from four primer combinations in 149 individuals. The number of fragments generated from each primer combination ranged from 37 to 65 ([Table 3](#tbl3){ref-type="table"}). Of the 221 fragments scored 15 loci were monomorphic and 39 had a band frequency \<5% or \>95%. The percentage of polymorphic bands ≥5% level ranged from 67.9% to 86.0% in the populations surveyed, with WS having the lowest number of polymorphic bands and CX1, the most southern population, having the highest ([Table 4](#tbl4){ref-type="table"}). The mean expected heterozygosity under Hardy-Weinberg proportions was 0.284, with the lowest observed in the WS population (0.250) and the highest in the OC population (0.302) ([Table 4](#tbl4){ref-type="table"}).

Pairwise *F*~ST~ values between populations ranged from 0.0008 to 0.1121 ([Table 5](#tbl5){ref-type="table"}). *F*~ST~ values indicated a lack of differentiation among the populations surveyed from CA where cabbage loopers over-winter, but significant differentiation existed among the majority of CA populations and those north of CA. Significant differentiation was also observed among most populations surveyed from OR, WA, and BC. Although the two populations from BC were significantly differentiated, one of the populations was not different from one of the CA populations. The highest level of differentiation was observed between populations at the localities BA and WS. Populations at these localities also showed the highest levels of differentiation compared to all other populations surveyed.

###### 

Pairwise *F*~ST~ values (below the diagonal) and geographic distances (km) (above the diagonal) between *T. ni* populations collected from localities along the west coast of North America

  Population   CX1                                       CX2                                       CS                                        CY                                        OR                                        OC                                        OA                                        WS                                        BD                                        BA
  ------------ ----------------------------------------- ----------------------------------------- ----------------------------------------- ----------------------------------------- ----------------------------------------- ----------------------------------------- ----------------------------------------- ----------------------------------------- ----------------------------------------- ------
  CX1          --                                        15                                        153                                       604                                       1070                                      1210                                      1220                                      1510                                      1690                                      1670
  CX2          0.0025                                    --                                        140                                       588                                       1060                                      1190                                      1200                                      1490                                      1670                                      1660
  CS           0.0008                                    0.0138                                    --                                        488                                       964                                       1100                                      1120                                      1420                                      1590                                      1580
  CY           0.0149                                    0.0092                                    0.0139                                    --                                        476                                       614                                       630                                       942                                       1110                                      1100
  OR           0.0282[\*](#tf5-1){ref-type="table-fn"}   0.0381[\*](#tf5-1){ref-type="table-fn"}   0.0398[\*](#tf5-1){ref-type="table-fn"}   0.0337[\*](#tf5-1){ref-type="table-fn"}   --                                        147                                       166                                       499                                       652                                       656
  OC           0.0089                                    0.0112                                    0.0208[\*](#tf5-1){ref-type="table-fn"}   0.0156                                    0.0264[\*](#tf5-1){ref-type="table-fn"}   --                                        20                                        353                                       505                                       509
  OA           0.0207[\*](#tf5-1){ref-type="table-fn"}   0.0218[\*](#tf5-1){ref-type="table-fn"}   0.0265[\*](#tf5-1){ref-type="table-fn"}   0.0276[\*](#tf5-1){ref-type="table-fn"}   0.0552[\*](#tf5-1){ref-type="table-fn"}   0.0205[\*](#tf5-1){ref-type="table-fn"}   --                                        334                                       487                                       490
  WS           0.0687[\*](#tf5-1){ref-type="table-fn"}   0.0696[\*](#tf5-1){ref-type="table-fn"}   0.0830[\*](#tf5-1){ref-type="table-fn"}   0.0665[\*](#tf5-1){ref-type="table-fn"}   0.0696[\*](#tf5-1){ref-type="table-fn"}   0.0671[\*](#tf5-1){ref-type="table-fn"}   0.0964[\*](#tf5-1){ref-type="table-fn"}   --                                        186                                       164
  BD           0.0040                                    0.0152[\*](#tf5-1){ref-type="table-fn"}   0.0176[\*](#tf5-1){ref-type="table-fn"}   0.0325[\*](#tf5-1){ref-type="table-fn"}   0.0273[\*](#tf5-1){ref-type="table-fn"}   0.0103                                    0.0236[\*](#tf5-1){ref-type="table-fn"}   0.0560[\*](#tf5-1){ref-type="table-fn"}   --                                        69
  BA           0.0316[\*](#tf5-1){ref-type="table-fn"}   0.0332[\*](#tf5-1){ref-type="table-fn"}   0.0492[\*](#tf5-1){ref-type="table-fn"}   0.0514[\*](#tf5-1){ref-type="table-fn"}   0.0605[\*](#tf5-1){ref-type="table-fn"}   0.0365[\*](#tf5-1){ref-type="table-fn"}   0.0453[\*](#tf5-1){ref-type="table-fn"}   0.1121[\*](#tf5-1){ref-type="table-fn"}   0.0282[\*](#tf5-1){ref-type="table-fn"}   --

1000 random permutations were used to test for significant genetic differentiation between populations.

Populations were genetically differentiated at a significance level of *P* \< 0.001.

Amplified fragment length polymorphism loci that had low polymorphism (i.e., present \<5 or \>95% of individuals) were excluded from all spatial analysis due to their potential to bias parameter estimates ([@b33]). Results from STRUCTURE identified three clusters (*K* = 3) to be the most probable number ([Fig. 3](#fig03){ref-type="fig"}). The bar plot revealed that the WS population was most distinct from the other populations with high representation in a cluster type that had low representation in all other populations ([Fig. 4](#fig04){ref-type="fig"}). Populations surveyed from CA showed mixed membership into two groups, with an average membership of 0.446 and 0.444 in the two clusters. Individuals from populations BA, OR, and OC had moderately high assignment to one of these two clusters and all other populations showed a mixed membership into the two groups. The most probable number of clusters identified by TESS Bayesian cluster analysis was four (*K* = 4). When compared to the results of STRUCTURE, a similar pattern of spatial structure was observed, except a portion of individuals from the BA population had membership into a fourth cluster. Consistent with gene flow, a mantel test showed no relationship between geographic and genetic distance for *T. ni* populations from CA to BC (*r* = −0.077, *P* = 0.35, [Fig. 5](#fig05){ref-type="fig"}).

![Δ*K*-values calculated according to the method outlined in [@b17] from the clustering results obtained from STRUCTURE for each cluster size (*K*) from 2 to 10. The peak Δ*K*, which indicates the most probable number of clusters was obtained at *K* = 3.](eva0004-0089-f3){#fig03}

![Results of STRUCTURE clustering analysis (*K* = 3) for 149 *Trichoplusia ni* collected from British Columbia (BD, BA), Washington (WS), Oregon (OA, OC, OR), and California (CY, CX1, CX2, CS). Labels below represent locality codes for collection sites that are defined in [Table 1](#tbl1){ref-type="table"}. Individuals are represented by vertical lines, divided into coloured segments that represent their inferred membership into each of the *K* clusters.](eva0004-0089-f4){#fig04}

![Relationship between Nei\'s genetic distance and geographic distance among populations of *T. ni* from California to British Columbia.](eva0004-0089-f5){#fig05}

Discussion
==========

The modest levels of geographic structure in *T. ni* populations from Arizona to British Columbia, suggest high migratory connectivity for this moth species. Patterns arising are consistent with significant movement of *T. ni* from southern, over-wintering populations, with some genetic differentiation occurring among temporary populations in northern regions initiated by annual immigration of moths.

Our AFLP results from the clustering analyses and pairwise *F*~ST~ values indicate a lack of geographic structure among California populations. Warm temperatures in southern California allow *T. ni* populations to persist year-round ([@b36]) and our findings suggest that gene flow connects these populations. Moths are capable of dispersing at least 500--700 km in a single night on prevailing wind currents or high level jet streams ([@b16]; [@b23]) and therefore it is not surprising that *T. ni* populations in California separated by as much as 600 km remain connected.

In areas north of California in which field populations are not expected to over-winter, pairwise *F*~ST~ comparisons based on AFLP markers indicate that the majority of populations are weakly, genetically differentiated. Consistent with these findings, AMOVA results based on mtDNA variation show marginal support for genetic subdivision of populations. Nonsignificant pairwise *F*~ST~ comparisons between distant populations however indicate a lack of genetic differentiation in some cases. For example the California population, CX1 is not differentiated from the British Columbia population, BD more than 1700 km away. In addition, no significant relationship between isolation and distance along the proposed migration path occurred. The lack of isolation by distance but statistically significant differentiation among temporary northern populations and California source populations could be due to founder events and random genetic drift during the migration process. On a local scale, the two populations from BC were genetically differentiated and this might be the result of cabbage loopers that over-winter in some greenhouses there ([@b20]; [@b22]).

Our results are consistent with those from other migratory insects that have observed genetic homogeneity among some populations separated by large geographic distances ([@b11]; [@b27]; [@b44]; [@b37]; [@b60]; [@b30]; [@b57]; [@b52]). Also in agreement [@b44] found with allozyme data a generally weak relationship between genetic and geographic distance for 16 highly mobile insect species. This is in contrast to insects such as the Green Oak leafroller, *Tortrix viridana* L. (Lepidoptera: Tortricidae) and the Pine processionary moth, *Thaumetopoea pityocampa* Denis & Schiffermüller (Lepidoptera: Thaumetopoeidae) that are widely distributed, but disperse short distances and exhibit strong geographic structure ([@b48]; [@b51]). Low population densities of *T. ni* were observed along the proposed migration route in 2006 (personal observation) and this could have led to smaller founding populations and genetic differentiation among many of the surveyed populations. This year contrasts to 2008 in which populations at least in Oregon were exceptionally high ([@b35]). A future study over multiple years would be required to determine if genetic variation was associated with population density variation.

Although our data show that gene flow occurs across the survey range, the Seattle, Washington population (WS) was genetically distinct from the other populations. Two of the three mitochondrial haplotypes were only found in this sample, heterozygosity was the lowest in this population, and pairwise *F*~ST~ values and clustering results of AFLP data indicated that this population was genetically distinct. It is possible that this particular population was established by a human associated introduction from another source population ([@b31]) such as larvae and pupae being transported with cut cabbage or cruciferous transplants infested with eggs and larvae ([@b28]) or entry through a marine port.

The clustering analysis implemented in STRUCTURE and TESS and pairwise *F*~ST~ values also indicated that the Abbotsford, British Columbia population (BA) was somewhat distinct. In the last 30 years, the development of vegetable greenhouses that potentially provide refugia for over-wintering cabbage looper moths could have contributed to this. Although a winter cleanup in which greenhouse temperatures are reduced, crops are removed, and houses are fumigated, eliminates most cabbage looper eggs, larvae, and moths; pupae can sometimes survive 2 weeks at 10°C and moths still mate after emergence if the greenhouse is again heated ([@b5]). In this situation, populations occur in the greenhouses before they can exist in the fields ([@b6]). Greenhouse populations are frequently under strong selection from the use of the microbial insecticides based on the toxin produced by *Bacillus thuringiensis* (*Bt*) with resulting increased selection for resistance in some cases ([@b26]; [@b20]). Movement of moths from greenhouse populations could influence the genetic structure of surrounding field populations and contribute to greater distinctiveness of the BA population. Additional work on the local genetic structure of greenhouse and field populations in British Columbia suggests that this is likely to be the case ([@b22]).

*Trichoplusia ni* larvae were not present in Yuma, Arizona (AY) during the summer when all other populations were collected due to high temperatures and the lack of suitable crops. Our collaborators collected larvae from Arizona during November when temperatures were cooler and crucifer field crops existed in the area. We predicted that this population might be genetically distinct from the other populations surveyed due to its location further east and the unsuitable summer temperatures. However, the two most common mitochondrial haplotypes (A and C) observed in other populations were also present in the Arizona population. This supports the notion of genetic connectivity between this population and other populations surveyed.

As predicted by the '*moving-deme'* hypothesis ([@b31], [@b32]) geographic differentiation can remain low among widely separated populations because maternal haplotypes remain grouped in migratory species as individuals move together to and from seasonal migration grounds. In support of this hypothesis, the migratory monarch butterfly, *Danaus plexippus* L. (Lepidoptera: Nymphalidae) populations in North America show low levels of mitochondrial variation ([@b3]) similar to what we have observed here.

In future, it would be useful to extend our study over multiple years to test for temporal changes in migratory patterns of *T. ni* in years of high and low population densities. Furthermore, in search of an explanation for the distinct geographic structure of the Washington population, it would be important in the future to examine the migration patterns of *T. ni* from regions further east. Understanding migratory connectivity in *T. ni* will allow predictions as to the outcomes of natural verses human induced changes that occur in different habitats at different times of the year. From an applied perspective, knowledge of the strong migratory connectivity in *T. ni* may inform predictions of when populations will be problematic in crops and aid in the management of *Bt* resistance. By sharing information among agencies that monitor cabbage loopers along the migratory route, growers could anticipate annual variation in the density of the species. In addition, knowledge of changes in the exposure of southern populations of cabbage loopers to *Bt,* for example through the wider use of *Bt* cotton, could alert northern growers to the potential for increased resistance of immigrants.
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